Sn dopant in ZnO may significantly improve the n-type conductivity of ZnO through a characteristic double effect. However, studies on bulk Sn-doped ZnO are rare, and the effect of Sn doping on the optoelectronic properties of bulk ZnO is not well understood. In this work, the effect of Sn doping on the optical and electrical properties of ZnO bulk single crystals was investigated through optical absorption spectroscopy, Hall-effect measurements, and thermoluminescence (TL) spectroscopy. Undoped and Sn-doped ZnO single crystals were grown by chemical vapor transport method and characterized by x-ray diffraction analysis. The Sn doping level in the crystals was evaluated by inductively coupled plasma mass spectroscopy measurements. Hall-effect measurements revealed an increase in conductivity and carrier concentration with increasing Sn doping, while TL measurements identified a few donor species in the crystals with donor ionization energy ranging from 35 meV to 118 meV. Increasing Sn doping was also associated with a color change of single crystals from colorless to dark blue.
INTRODUCTION
Recent investigations regarding the semiconducting properties of zinc oxide (ZnO) have garnered a significant level of attention. [1] [2] [3] [4] It is now generally understood that ZnO exhibits high conductivity when doped with group III chemical elements (e.g., Al, Ga, In). [5] [6] [7] [8] [9] Likewise, substitution by group IV impurities (e.g., Sn, Si, Ge) at Zn sites may improve the conductivity through a characteristic double-donor effect, making two free electrons available to the conduction band. 10, 11 However, the full nature of the effect of group IV impurities on ZnO remains a topic that is not well understood.
Available research on Sn-doped ZnO (TZO) is quite limited, focusing mostly on thin-film materials. Aksoy et al. 12 revealed that increasing the Sn concentration resulted in a decrease of the bandgap and proposed a mechanism related to bond-length increase to explain this. Acharya et al. 13 later confirmed this effect and suggested that the reduction of the bandgap is associated with increased absorption due to introduction of defect states in the bandgap. 13 However, the data of Chahmat et al. 14 also show an increase in the optical band edge with Sn concentration, which is attributed to filling of the conduction band due to degenerate doping (i.e., the Burstein-Moss effect). The transmission measurements in Ref. 14 do not exhibit the same characteristic slow increase of transmission with wavelength found in Ref. 13 , which may indicate that both defect absorption and Burstein-Moss absorption are present. All these aforementioned works [13] [14] [15] [16] report that the electrical carrier concentrations scale with precursor Sn levels. Finally, it should be noted that the films fabricated by Ajiliet et al. 15 contained much lower Sn concentrations ($ 0% to 1%) compared with the films in Refs. 13,14 (0% to 10%), where no significant change in bandgap was observed.
Because defects can play such a significant role in the band edge and doping effects of TZO, it is imperative that single-crystal TZO be studied and characterized. Unfortunately, single-crystal TZO is hard to synthesize, resulting in very little work being done on this material. The one exception is the work of Kumar et al., 17 who studied the highresolution photoluminescence of TZO. They observed a shallow defect center that was attributed to a Sn double donor compensated by a single acceptor. Clearly, there is a need for both optical and electrical characterization of TZO single crystals in the desire to understand the double-donor nature of the Sn doping.
In the present work, optical transmission and room-temperature van der Pauw Hall-effect measurements were employed to characterize TZO single crystals grown by the chemical vapor transport (CVT) method. These crystals are similar to those used in Ref. 17 . Moreover, these crystals were also studied using thermally induced luminescence spectroscopy, which is useful for determination of activation energies and corresponding donors. We combine these measurements with an evaluation of the actual doping percentage of Sn atoms in the crystals using inductively coupled plasma mass spectroscopy (ICP-MS). Strong correlation between the carrier density, appearance of blue color, and Sn concentration is revealed by the measurements; however, no significant shift in bandgap energy is induced by Sn incorporation in the lattice, indicating an association of the dark-blue color with the formation of color centers in the crystal. Surprisingly, annealing the material at temperatures up to 1200°C in air or O 2 for 2 h and then at 1200°C in air for 12 h did not bleach the color. Based on this observation, we anticipate that the change in the optical properties induced by Sn doping is not associated with presence of simple defects, which would be expected to be removed by high-temperature anneals. This effect, however, may be due to formation of stable impurity phases or incorporation of Sn atoms at Zn sites that then act as shallow donors and color centers.
EXPERIMENTAL PROCEDURES
High-quality ZnO single crystals were grown at the Oak Ridge National Laboratory by chemical vapor transport (CVT) method. In CVT, crystal growth is accomplished via reduction of polycrystalline ZnO spheres heated to 1250°C in a highpurity alumina tube. A hydrogen flow produces a concentration of zinc which is transported by argon or nitrogen carrier gas to a lower-temperature region, where crystal growth occurs. The initial zinc vapor is formed by the reaction ZnO(s) + H 2 (g) fi Zn(g) + H 2 O(g), where ''g'' and ''s'' indicate gas and solid phase, respectively. Once the Zn vapor has been transported to the cooler region of the growth chamber, ZnO crystals then form through the reaction Zn(g) + (1/2)O 2 (g) fi ZnO(s), which is accompanied by the reaction H 2 (g) + (1/2)O 2 (g) fi H 2 O(g). Incorporation of a SnO 2 precursor with the initial ZnO polycrystalline material allows for successful Sn doping, which may vary in concentration as a result of inconsistent Sn incorporation that can occur in different parts of the growth chamber due to variations in temperature and other growth conditions. 17 Crystals doped in this manner exhibit variable degrees of blue color, while samples grown without SnO 2 precursor are transparent and colorless. The thickness of the samples was about 2 mm, and the doped samples are denoted in order of increasing ''blueness'' or opaqueness-with sample A corresponding to the least blue and most transparent of the doped samples, and sample E corresponding to the darkest and bluest. X-ray diffraction (XRD) analysis was carried out to identify the crystal structure.
A double-beam PerkinElmer ultraviolet-visiblenear infrared (UV-Vis-NIR) spectrometer was used at room temperature to record the optical absorption/transmission spectra in the range from 190 nm to 1100 nm, while the electrical transport properties were determined by room-temperature van der Pauw Hall-effect measurements using four indium contacts arranged in a square on the surface of each sample.
Donor characterization was performed by lowtemperature thermally stimulated luminescence (TSL-often known as TL). While TL is frequently used for measuring radiation levels and determining the presence of trapping defects in solids, [18] [19] [20] [21] it has recently been demonstrated to be an effective means of characterizing donors in luminescent materials. 22 A special spectrometer constructed inhouse allowed direct recording of thermoluminescence as a function of both wavelength and temperature; this system has been described in greater detail elsewhere. 18, 19, 21 The ZnO crystals were cooled to À190°C and irradiated with UV light for 30 min using the full capacity of a pulsed xenon lamp. Thermal stimulation was induced by linearramp heating at 60°C/min, and the resultant light emission was recorded in the range from 200 nm to 800 nm at 1-nm resolution using a charge-coupled device detector. Approximately 100 mg of each sample was digested in 0.5 N HCl using a CEM Mars microwave for impurity analysis. The digested samples were filtered to remove particulate material and then diluted to 4.0% HCl. The prepared samples were analyzed in triplicate using a Thermo Scientific Xseries II inductively coupled plasma mass spectrometer (ICP-MS). For quantitative analysis, standards and internal standards were prepared using ICP-MS standards from Inorganic Ventures.
RESULTS AND DISCUSSION
Structural and Optical Characterization Figure 1 displays the crystal structure of the ZnO crystals grown by chemical vapor transport. It also shows a photograph of the crystal. Sn doping had no effect on the orientation or lattice parameters of the grown crystals. Figures 2 and 3a , b display the optical absorption spectra for samples A to E. These were obtained from transmission measurements only; losses due to reflection and scattering were not taken into account. All the crystals were oriented along c-axis; the flat faces along the axis of the prism are 11 20 faces, and the direction through the body of the prism is the 1010 direction. Both of these directions are perpendicular to the c-axis of the samples, thus the optical measurements reported herein represent ordinary values since the c-axis is perpendicular to the sample surface. In Fig. 2 , the spectra have been shifted vertically to better represent the progression of broad peaks in the > 400 nm range that increase with the blue intensity of the samples, while Fig. 3a compares the absorption spectra of undoped versus heavily tinted samples and displays side-by-side images for comparison of their blue coloration. Figure 3b shows no change in the absorption spectra of Sn:ZnO before and after annealing at 1200°C for 12 h in ambient air. It should be mentioned that the optical skin depth of ZnO is about 50 nm for wavelengths less than 380 nm, but considerably higher for visible and red light. 23 By incorporating the absorption data in conjunction with the following equation:
and the Tauc equation:
where A is the absorption intensity, d is the thickness, a is the absorption coefficient, and r = 2 for direct transitions, a plot of (ahm) 2 versus (hm) was used to determine the optical bandgap energy (E g ) for each sample by extrapolating the linear portion of the resulting graphs to (ahm) = 0, similar to the procedure described by Aksoy et al. in Ref. 12; this process is described in greater detail elsewhere. 12, 24 The (ahm) 2 versus (hm) plots are detailed in Fig. 4 , along with the linear fits used to extrapolate the bandgap energy for direct transitions for each sample. The resulting bandgap energies are presented in Table I . Note that the method adopted for calculating the bandgap energy is not accurate for ZnO single crystals. This is different from the case of ZnO films, transmission measurements of which can often provide very large absorption coefficients, while such measurements in bulk crystals cannot. As a result, transmission measurements on thin films can show near-bandgap absorption, whereas measurements on bulk samples may not. Nevertheless, these measurements are sufficient here for comparing the relative shift in the optical bandgap of the samples, since we do not seek accurate measurement of the bandgap of ZnO. After Sn doping, the bandgap remained relatively unchanged with energy ranging from 3.12 eV to 3.14 eV, barring the value of 3.07 eV for sample E, which indicates that the bandgap energy does not correspond to the decreasing transparency of the samples. This means that the darkening blue color can be related to the broad absorption peak in the > 400 nm range, but not to a change in the optical bandgap. However, ICP-MS measurements (Table II) indicated a dependence of the blue color on the Sn concentration. The data presented in this table list the elemental impurities found in the samples. We should mention that the CVT growth process serves as a purification step in cases where the composition and reformation steps inherent to the transport and regrowth of the crystal components do not take place, and accordingly, such impurities are not transported to and incorporated into the as-grown crystals. However, in those cases where the two-stage decomposition and regrowth process of a compound does occur, the compositions of these elements are actually enhanced relative to those that do not transport. The relative increase in the Na, Ca, and Mg values in Table II can be attributed to this phenomenon.
Other than Sn, none of the listed impurities have been linked to a blue color change in ZnO, and the only elemental concentration that trends with the opaqueness of the samples is Sn. We therefore conclude that Sn doping and its variation are responsible for the blue color and broad > 400 nm absorption curves, resulting from either Sn-contributed donors or Sn-induced defect complexes or impurity phases that have little influence on the optical bandgap. Sn was incorporated in very small amounts. In fact, this small doping percentage should not lead to a change in the bandgap. While the quenching of luminescence discussed below may imply the presence of defects, annealing in ambient air for 12 h and O 2 for 2 h at 1200°C, together with the stability in the corresponding absorption curves in Fig. 3b , indicate that the blue coloration is not related to simple defects, but is rather linked to Sncontributed donors or impurity-defect complexes that are stable even at high temperatures. It should be noted that, although the absorption curves in Figs. 2 and 3 do not account for reflectance, the calculated bandgap reveals a value of 3.17 eV for undoped ZnO, not very far from reported values. [25] [26] [27] [28] Counter to the independence of the optical bandgap, the electrical measurements discussed below indicate an association with the variable Sn concentration.
TL Analysis
Contour plots of the TL emission as a function of temperature and wavelength are shown in Fig. 5a , b, c, and e. These plots indicate the wavelength and corresponding temperature with which the luminescence is associated. Despite measuring all samples under the same conditions, samples B and E exhibited weaker luminescence, indicating a decrease in the defect centers responsible for luminescence. Sample D did not exhibit any noticeable luminescence. Of the samples that did provide luminescence, we observed from the wavelength dependence a distinct shift in the luminescent center wavelength. Most of the samples exhibited a peak near 580 nm with a less-intense peak at 520 nm, the exception being sample C (Fig. 5d) , Fig. 1 . Photograph and crystal structure of ZnO single crystals grown by CVT, revealing hexagonal structure in space group P6 3 mc and lattice parameters of a = 3.2501 Å and c = 2.071 Å . Fig. 2 . Optical absorbance on linear scale for undoped ZnO and Sndoped samples A to E with corresponding Sn concentration in parts per million. Absorption spectra are shifted vertically to highlight the broad > 400 nm peak. The shift was as follows: undoped, zero; A, À1.5; B, 0; C, À0.1; D, 0; E, +1. Note that no meaningful conclusions can be obtained from the spectra below 390 nm, as the absorption coefficient for ZnO is too high in this region. which showed an intense peak at 520 nm but did not exhibit a 580 nm peak. It has been shown that the green, 520 nm emission can be attributed to oxygen vacancies, 22, 29, 30 while the 580 nm peak is likely due to zinc vacancy-related defects that act as acceptors and thus decrease the conductivity. 31 This is consistent with the comparative increase in resistance between samples A and B and sample C, as seen in the Hall-effect measurements discussed below. This shift in luminescence wavelength is peculiar, given that samples B and C were grown concurrently in the same trial, yet they exhibit a shift in the primary luminescent centers. We speculate that different levels of Sn in the lattice may change the defect distributions. From the contour plots, graphs of luminescence versus temperature (glow curves) were constructed by integrating the intensity over all wavelengths for each temperature; they are depicted in Fig. 6 . Depending on the curve's characteristics and degree of kinetics, implementation of either the initial-rise method or variable-heating-rate method allows for calculation of ionization energies from the glow curves. The variable-heating-rate method is only applicable for first-order kinetics, while the initialrise method works for any kinetics but is not suitable for determining activation energies from overlapping peaks. 18, 19 Utilizing the initial-rise method, we plotted ln(I) versus (1/T) in the luminescent region for each glow curve, resulting in a linear region with slope of (ÀE/k B ) (where k B is the Boltzmann constant), from which the ionization energy is obtained. (A detailed explanation of this procedure can be found in Refs. 18 and 22.) An example of the plot for sample B is shown in Fig. 7 , which depicts the ln(I) versus (1/T) curve and the corresponding linear region. This method revealed donor ionization energies that have been primarily attributed to hydrogen-related donors, consistent with the fact that hydrogen is an essential component of the initial growth phase of the CVT process. The calculated activation energy for the undoped sample was 51 meV, a value that has been previously associated with hydrogen interstitials, 22, 32 while samples B and C showed activation energies of 44.5 meV and 47 meV. The ionization energy of 47 meV has been attributed to hydrogen bound in oxygen vacancies (H O ), 22 ,33,34 thus we assign the 44.5 meV/47 meV energies to H O . Furthermore, sample E was found to have an activation energy of 35 meV, which has also been characterized as a hydrogen-related donor, although its identity has not been confirmed. 22, 29, 34 Unfortunately, as a consequence of the use of the initial-rise method, the activation energies of the secondary peaks seen in the glow curves could not be calculated. We note, however, that as the Sn doping was increased, the luminescent intensity decreased, which may be related to the possible formation of the abovementioned defect complexes that quench the luminescence. The exception to the hydrogen-related activation energy trend was sample A; it showed an unusually high activation energy of 118 meV, a value that has not been previously associated with hydrogen or Sn and that may be a result of another impurity or defect that acts as an acceptor and reduces the conductivity, as seen in the electrical measurements.
Electrical Characterization
The sheet resistance, sheet carrier concentration, and mobility were directly measured using the Hall effect, and the bulk values calculated and listed in Table I . The table lists, in order of increasing Sn concentration, the TZO crystals with corresponding resistivity, mobility, and carrier concentration values, as well as the calculated ionization energies (when applicable), and optical bandgaps. The primary interest evidenced by this table is the continuing improvement of the electrical conductivity and carrier concentration with increasing Sn concentration. Although the increasing conductive nature and carrier concentration can be coupled with the stability of the blue coloration (in support of the assertion that the Sn atom contributes a donor), the possibility of defect complexes as predicted based on the luminescence quenching may also contribute to the change in the electrical transport properties of the crystals. However, these developments are unequivocally originated by Sn incorporation. It is obvious from Table I that the carrier concentrations were less than the Sn concentrations for all the samples, indicating that none of these samples activated all the Sn atoms. It is also interesting to observe the increase in electron mobility with Sn doping despite the formation of defect complexes. The reason behind this lies in the charge state of defects. Defects often act as scattering centers, reducing the carrier mobility; however, formation of defect complexes may modify the initial charge of defects to a neutral state, reducing their effect as scattering centers and thereby improving the mobility. Hall-effect measurements were carried out on three undoped ZnO crystals grown in three different CVT sessions, revealing that the electrical properties of the crystals fluctuated from batch to batch. This may be related to the amount of hydrogen present in the growth process. Samples A to E, however, were grown concurrently, and the changes in electrical properties are not a result of batch inconsistencies, but rather of Sn incorporation. Because of the inconsistency of resistivity values among undoped ZnO batches, we cannot say that Sn causes a dramatic change in the conductivity between undoped and doped samples, but rather conclude that increasing the Sn concentration improves the conductivity of intentionally Sn-doped samples.
CONCLUSIONS
Sn-doped ZnO single crystals were grown by chemical vapor transport method. The resultant crystals exhibited varying degrees of blue coloration. UV-Vis spectroscopy revealed a broad peak in the absorption spectra in the > 400 nm range that increased with the concentration of Sn. Optical measurements revealed little to no change in the optical bandgap energy as a result of increasing Sn concentration, and the persistence of the blue coloration as well as the stability of the absorption spectrum after O 2 and air anneals indicated that the blue coloration results from color centers induced by Sn incorporation and is not due to changes in the optical bandgap. Defect luminescence centers were revealed by thermoluminescence spectroscopy, and multiple donors were identified in the range from 35 meV to 118 meV, many of which were attributed to hydrogen. Contour plots of the TL data revealed a shift in the luminescent centers from 580 nm to 520 nm, signifying a change in the type of defect luminescence centers. The luminescence intensity decreased with increasing Sn concentration, an effect that may be due to Sn-induced defect complexes that quench the luminescence. Additionally, Hall-effect measurements revealed conductivities and carrier concentrations that trend with increasing Sn concentrations and are likely a result of Sn donor contributions, although the luminescence quenching supports the possibility that Sn-induced defect complexes may also affect the electrical properties.
